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Abstract 
Tungsten-containing diamond like carbon (W-C:H) coatings were prepared by unbalanced magnetron sputtering (UBM) using 
tungsten carbide targets in Ar/C2H2 atmosphere. The structure and mechanical properties of these coatings with different C2H2 
flow (from 40 sccm to 140 sccm) were studied. According to the analysis of Raman spectroscopy and the measurement of 
hardness and Young’s modulus about the coatings, it was showed that sp3/sp2 ratio in the coatings changed and the hardness and 
Young’s modulus decreased with increase of the C2H2 flow. Besides, the adhension and friction wear properties of the coatings 
were evaluated using the scratch test and dry sliding tests respectively. It was found that the coatings exhibited very good 
adhension and the C2H2 flow (actually the hydrogen) played a very important role in the tribological behavior of the W-C:H 
coatings in vacuum. 
PACS: 81.05.u-; 68.55.-a; 68.35.Np; 62.20.Qp. 
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1. Introduction 
Diamond like carbon (DLC) coatings have several applications in different industrial areas due to their 
excellent properties, such as high hardness, high elastic modulus, low friction coefficient, high electrical resistivity, 
good chemical inertness and low surface roughness [1]. DLC coatings can be synthesized by several physical vapor- 
deposition and chemical vapor-deposition (PVD, CVD) methods using various carbon sources [2]. Coatings derived 
from hydrocarbon source gases may contain large amounts of hydrogen in their amorphous microstructures, and 
they are often referred to as hydrogenated DLC coatings [3]. Besides, doping metal elements (such as TiǃWǃ
MoǃNb) into the hydrogenated DLC coatings (be called Me-C:H ) can obtain better mechanical properties (lower 
internal stress and hardness, improved adhesion) as well as tribological properties[4-5]. 
Tungsten-containing hydrogenated diamond like carbon (W–C:H) coatings are commonly deposited by 
reactive magnetron sputtering from a tungsten (W) or tungsten–carbide (WC) target in an argon-hydrocarbon plasma. 
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W–C:H coatings show unique mechanical and tribological properties which have opened the possibility of a wide 
range of applications principally in the aerospace industry. A lot of research is being carried out on the structure and 
properties of W-C:H coatings, but little about their tribological properties in vacuum [6-11]. 
In the present paper, the tungsten-containing hydrogenated diamond like carbon coatings for aerospace 
applications have been deposited. And the structure and mechanical properties, especially the tribological properties 
in vacuum, of these coatings with different C2H2 flow during deposition have been studied. 
2. Experimental details 
2.1 Deposition 
Tungsten-containing hydrogenated diamond like carbon coatings (W-C:H) were deposited by unbalanced 
magnetron sputtering (UBM) system (HAUZER, HTC750) using tungsten carbide targets in Ar/ C2H2 atmosphere at 
a deposited temperature of ~200 . The schematic diagram of this system can be found in Ref. [12]. Silicon (100) ć
wafers and 440C steel pieces were used as substrates to characterize the microstructure and mechanical properties. 
Before depositing the W-C:H coatings, a thin (about 0.1ȝm) intermediate Cr layer was used for improving the 
adhesion of coatings. Four coatings deposited with different flow of C2H2 were investigated, and the details about 
the process parameters have been shown in Table 1. 
Table 1 Process parameters for W-C:H coatings 
 
Smple name A B C D
Target material WC
Target power 2 × 4 kW
Gas flow C2H2 40 sccm 70 sccm 100 sccm 140 sccm
Gas flow Ar 400 sccm
Coils current 1 A
Bias voltage -100 V
Substrate table rotation speed 2 rpm
2.2 Evaluation techniques 
Raman spectra of the coatings deposited on silicon (100) wafers were measured with a Jobin Yvon T64000 
spectrometer using Ar laser (Ȝ = 532 nm) as the excitation source. 
Adhesion of the coatings was evaluated using the scratch test (CSM nano-scratch tester). In this test the 
diamond stylus (R=2 ȝm) is drawn across the surface under increasing normal load (30 mN/mm), until cracking or 
coating spallation events are observed in a regular fashion along the scratch track. The normal load at which such an 
event first occurs, is called the critical normal load Lc. The failure event and associated critical load was determined 
by inspection of the scratch track under a reflected light microscope. 
The hardness of the coatings was measured by depth-sensing indentation (CSM nanohardness tester with 
Berkovich indenter). Hardness and elastic modulus were determined from the load-displacement curves and 
calculated by the Oliver and Pharr method [13]. The applied loads during indentation were between 2 mN and 4 mN. 
In order to avoid the influence of the substrate, the penetration depth was always kept below 10% of the coating 
thickness. 
The tribological properties were evaluated in dry sliding tests using a vacuum rotational ball-on-disc apparatus. 
In the test, mirror-polished 440C steel balls with a diameter of 8 mm, and hardness of 58 HRc and a surface 
roughness Ra = 0.05ȝm, was loaded against the rotating plate (440C steel) coated with W- C: H in vacuum (10-4 Pa) 
at room temperature. A sliding speed of 1.25 m/s and normal load of 5 N were used. The test was stopped when the 
friction coefficient reached a limit value of 0.2, and defined the total distance as the wear lifetime (Ĳ). 
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3. Result and discussion 
3.1 Structures of W-C:H coatings 
Raman spectroscopy was performed to identify the structure of the deposited W-C: H coatings. Usually, a 
crystalline diamond peak is observed at 1332 cm-1 -1 and a crystalline graphite peak is found at 1580 cm . In general, 
the Raman spectrum of DLC coatings is derived from corresponding features in the spectrum of graphite. The 
spectrum comprises two broad bands centered at 1550cm-1 (corresponding to the G line associated with the optically 
allowed zone center mode of crystalline graphite) and at 1350 cm-1 (roughly corresponding to the D line associated 
with disordered allowed zone edge modes of graphite). 
Raman spectroscopy of sample C is showed in Fig. 1. The Raman spectroscopy of other samples (A, B, D) are 
similar. The spectra were deconvoluted with Lorentzian profiles into a G (Graphite) peak near 1550 cm-1 and a D 
(Disorder) peak near 1400 cm-1. These peaks are characteristic for amorphous carbon and the intensity ratio of I /ID G 
3commonly is used as measurement for the sp  content in the coatings[14]. Table 2 shows the details about the 
Lorentzian profiles dates of the four samples. According to Table 2, I /I  decreased with increasing CD G 2H2 flow. And 
the sample A has a 3minimum I /I 1.17 and a highest sp  content.  D G 
 
Fig.1 Raman spectroscopy of sample C 
Table 2 the data of the spectra deconvoluted with Lorentzian profiles of the four W-C:H coatings 
 
Sample D peak G peak I /ID G
Position (cm-1)             FWHM (cm-1) Position (cm-1)            FWHM (cm-1) 
A 1381.7 236.90 1588 93.30 1.17 
B 1374.6 245.60 1597 83.20 1.25 
C 1372.9 253.09 1605 80.06 1.35 
D 1371.7 269.80 1610 77.69 1.49 
3.2 Adhesion of W-C:H coatings 
The scratch test results of the four samples are shown in Fig.2. It is can be found that all of the coatings have 
good adhesion. The critical normal load Lc of samples A, B, C, D are about 79.07 mN, 84.81 mN, 92.05 mN, and 
96.12 mN respectively. The adhesion of W-C:H coatings increases gradually with increasing C2H2 flow. These 
behaviors can be explained by the ideas of C. Strondl that the compressive stress decreases with increasing C2H2 
flow [15]. Higher the compressive stress, easier the coatings spallate when scratching. 
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(a) sample A (40sccm) Lc=79.07mN                                      (b) sample B (70sccm) Lc=84.81mN 
  
(c) sample C (100sccm) Lc=92.05 mN                                 (d) sample D (140sccm) Lc=96.12mN 
Fig.2 The scratch test results of the four W-C:H coatings
3.3 Hardness and elastic modulus of W-C:H coatings 
In Fig.3, the nano-indentation results are presented. A very clear difference in hardness and elastic modulus can 
be seen between the coatings with different C2H2 flows. From the figure, the hardness of four samples A, B, C, D 
are about 15.20 GPa, 13.05 GPa, 11.38 GPa, and 9.20 GPa respectively. The hardness of W-C:H coatings decreases 
gradually with increasing C2H2 flow. The elastic modulus decreases from 110.30 GPa to 89.01 GPa as the C2H2 flow 
increase from 40 sccm to 140sccm. These behaviors can be explained by the observed I /ID G changes in our previous 
Raman spectra. It should be considered as apparent hardness decrease owing to the decrease of sp3 bonding fraction. 
C. Strondl [15] considered that the ratio between the hard WC and the softer a-C:H controls the hardness of the W-
C:H coatings. The process conditions for the W-C:H coatings are such that it results in a very soft a-C:H matrix and 
a hard WC. The higher the ratio of a-C:H to WC, the softer the W-C:H coatings become. High amount of WC in the 
a-C:H matrix results in a harder coating. 
 
Fig.3 The hardness and elastic modulus of four W-C:H coatings 
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3.4 Tribological properties of W-C:H coatings 
Valuated from the vacuum rotational ball-on-disc apparatus against an 440C steel ball without lubricant, the 
friction coefficient and the wear lifetime in vacuum of W-C:H coatings are shown in Fig.4 and Fig.5 respectively. 
The result showes that the friction coefficient of W-C:H coating in vacuum can down to 0.02. The C2H2 gas play an 
important role on the friction coefficient and wear lifetime of the W-C:H coatings. There is a critical flow of C2H2 
gas. When the C2H2 gas flow is low (40sccm), the W-C:H coatings have a high friction coefficient of 0.23 and no 
wear life. After the C2H2 gas flow reaches the critical value, the coatings nearly have a very low constant friction 
coefficient of 0.02. And the wear life of the coatings increases gradually with increasing C2H2 gas and reaches to the 
maximum value of approximately 28.0 km when the C2H2 gas reaches 100 sccm. However, further increase of C2H2 
gas results in a rapid decrease of wear life. Therefore, in order to obtain a low friction coefficient and a good wear 
lifetime in vacuum, controlling the C2H2 gas flow of the W-C:H coatings is very important. In this study, the W-C:H 
coatings prepared at the C2H2 flow of 100 sccm exhibited a very low friction coefficient of 0.02 and the longest 
endurance of 28.0 km. 
 
Fig.4 The friction coefficient of the four W-C:H coatings 
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 (a) sample A (40sccm)                                                     (b) sample B (70sccm) 
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 (c) sample C (100sccm)                                                   (d) sample D (140sccm) 
Fig.5 The wear life of the four W-C:H coatings 
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4. Conclusions
Tungsten-containing diamond like carbon (W-C:H) coatings were deposited by unbalanced magnetron 
sputtering (UBM) with various C2H2 gas flow. The following results have been obtained: 
(1) The coatings have good adhesion and have a maximum Lc of approximately 96.12 mN when the C2H2 gas 
reaches 140 sccm. The Lc of W-C:H coatings increases with increasing C2H2 gas flow due to the compressive 
stress decreases with increasing C2H2 gas. 
(2) The hardness of the coatings decrease from 15.20 GPa to 9.20 GPa with increasing C2H2 gas owing to the 
decrease of sp3 bonding fraction when C2H2 gas increase. These behaviors can also be explained by the ratio 
between the hard WC and the softer a-C:H.  
(3) The C2H2 gas flow play an important role on the friction coefficient and wear lifetime of the W-C:H coatings. 
To obtain very low friction coefficient and good wear lifetime in vacuum, controlling the C2H2 gas flow 
(actually the hydrogen) of the W-C:H coatings is very important. 
(4) In this study, the W-C:H coatings prepared at the C2H2 gas of 100 sccm exhibited a critical load Lc of 92.05 
mN, a hardness of 11.38 GPa, a very low friction coefficient of 0.02 and the longest endurance of 28.0 km. 
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